Past work in the area of laser-induced damage growth has shown growth rates to be primarily dependent on the laser fluence and wavelength. More recent studies suggest that growth rate, similar to the damage initiation process, is affected by a number of additional parameters including pulse duration, pulse shape, site size, and internal structure. In this study, we focus on the effect of pulse duration on the growth rate of laser damage sites located on the exit surface of fused silica optics. Our results demonstrate, for the first time, a significant dependence of growth rate at 351 nm on pulse duration from 1 ns to 15 ns as τ 0.3 for sites in the 50-100 μm size range.
INTRODUCTION
Laser-induced growth of optical damage can potentially limit the fluence at which optical components may be used. Hence, numerous studies [1] [2] [3] [4] [5] [6] [7] [8] have been dedicated to the growth problem, primarily on fused silica optics. The different experimental apparatus and techniques used by various research groups make interpretation and comparison of the results a nontrivial task. One fact that stands out is the complexity of the growth process due to the many laser, material and experimental parameters involved, such as wavelength 2, [4] [5] [6] [7] [8] , fluence [1] [2] [3] [4] [5] [6] [7] [8] , pulse duration and pulse shape [1] [2] [3] [9] [10] [11] , surface [1] [2] [3] 12, 13 (input/exit, coated and bare), site morphology 8, [14] [15] [16] , beam size 1, 17, 18 , and growth environment (air/vacuum) 2 .
Here we will restrict our discussion to surface damage growth under very specific experimental conditions: i) flooded fluence conditions using large aperture laser beams (leading to growth in the lateral dimensions of the site, as opposed to using small area beams typically employed in drilling operations associated with growth in the depth of the site 15, 16 ) and ii) bare surfaces of fused silica substrates in vacuum (for the reasons stated below in the experimental section). We note that previous studies under similar fluence conditions in air (~10 Torr) vs. vacuum and bare vs. coated surfaces [1] [2] did not show significant differences in the growth behavior at 351 nm. This is in contrast to the distinct laser damage initiation characteristics at 351 nm of coated vs. uncoated silica surfaces in various environments 19, 20 .
Most of the past growth experiments [1] [2] [3] [4] [5] were conducted using single wavelength, ns pulses, at the first, second and third harmonics of 1053 nm (Nd:glass lasers), and indicated that damage growth with UV pulses exhibits the lowest fluence growth threshold at ~5 J/cm 2 in contrast to ~12 J/cm 2 at 527 nm and ~15 J/cm 2 and 1053 nm, respectively. These threshold values are generally valid for both exit and input surfaces, although the input surface appears to exhibit a somewhat higher threshold (by ~1 J/cm 2 ) than the exit surface under similar conditions 12 . In addition, the slope of the exponential growth coefficient vs. fluence is highest for 351nm. For the case when multiple wavelengths are present simultaneously, for example 1053 nm and 351 nm, the growth behavior has been described, to the first order, by the 351-nm growth coefficient evaluated at the total fluence, i.e. as if all of the laser energy was delivered at 351 nm [6] [7] [8] .
Previous work at LLNL 1-2 aimed at elucidating the effects of pulse length on the exit surface growth rate at 351 nm in the 1-11 ns range suggested only a weak dependence as τ 0. 1 . However, the data was primarily obtained at longer pulses (9 ns and 11 ns, near Gaussian shape) with fluences from 5 J/cm 2 up to 12 J/cm 2 . In contrast, only a few damage sites were examined using shorter pulses (1 ns and 3ns) over a narrow range of fluences (4-6 J/cm 2 ). Similarly, other research groups 3, 7 have reported on the damage growth at 351 nm with pulse durations of ~3 ns with limited site statistics and their results appeared to support the weak or no pulse-length dependence to the growth rate.
The previous growth studies 2, 8 have also briefly noted a dependence of growth on site morphology, including the size and the type of damage initiation, for example laser damage vs. mechanical indentation. Specifically, small sites (up to 100 μm in diameter) appear to grow much more aggressively than larger sites in the range of ~200-300 μm diameters. In addition, mechanical indents were observed to consistently grow ~ 20% faster than sites initiated with 351 nm laser pulses.
In this work, we will expand the knowledge base of single wavelength damage growth by investigating the effects of pulse duration on the growth of laser-induced damage sites on the exit surface of silica optics under 351-nm laser irradiation. Using pulses with flat-in-time (FIT) temporal profiles, we measure the growth parameters for sites with diameters in a narrow size range as a function of pulse duration from 1 ns to 15 ns. In addition, we employ a large aperture laser beam to simultaneously grow a large number of sites for better growth statistics.
EXPERIMENTAL TECHNIQUES

Sample preparation
The samples were 2-inch in diameter and 1-cm thick UV grade Corning 7980 glass windows obtained from multiple vendors and prepared to achieve high quality surfaces with high damage resistance by LLNL-developed etching and cleaning procedures. We then employed a table top Nd:YAG laser with near Gaussian temporal and spatial profiles to induce an array of 40 to 60 similar damage sites on the exit surface. Typically, damage sites of ~40-60 μm in diameter were initiated in a regular grid pattern on the sample's exit surface using a single pulse at 355-nm with ~30 J/cm 2 (within 15%), 7 ns at Full-Width-Half-Maximum (FWHM) and a beam diameter of ~450 μm (at FW1/e 2 M). At some locations on the exit surface, the resulting damage pits were smaller than 40 μm as observed by the online microscope; therefore subsequent pulses (one or two) were used to grow the individual sites at a lower fluence of ~15 J/cm 2 to achieve damage sites of similar size. A dozen or so samples were prepared using the above procedure with the spacing of 3 mm or 4 mm within each row and between adjacent rows, resulting in a total of 58 or 38 sites within a 3-cm aperture, respectively. The 58-site arrangement is illustrated in Fig. 1(a) . For either grid spacing, we found no measurable cross-talk between adjacent damage sites for growth diameters up to about 1 mm; closer packing of the sites is feasible if growth diameter is limited to ~500 μm. Figure 1(b) shows the typical distribution of sizes on a sample and Fig. 1(c) shows an example of typical single-and multi-pit small beam initiation morphologies. Alignment fiducials, placed near the edge of the aperture aid in the fluence registration. The fiducials were applied with a CO 2 laser technique that creates ~100 μm-diameter laser-evaporated pits that are damage resistant up to ~10-12 J/cm 2 .
Figure 1 (color online). a) Sample layout with 58 laser-initiated damage sites in a regular grid (3-mm spacing) and 5 fiducials within the footprint of the 3-cm test beam. b) An example of size distribution for 58 damage sites as prepared with a small beam. c) Micrographs of typical single and multi-pit damage sites using back-light illumination.
Growth methodology
All experiments presented in this work were conducted at the Optical Sciences Laboratory (OSL) at LLNL. This facility hosts a large aperture, Nd:glass, 10-cm disk amplifier laser system with an adjustable pulse width and shape. 18 The OSL laser can fire a single, 50 J pulse at 351 nm with high quality beam profile at a repetition rate of one shot every 45 minutes. The growth experimental layout using the OSL laser is similar to that described by Norton et al. for the SLAB laser. 2 The sample is positioned in an image relay plane of the laser and is housed in a stainless steel vacuum chamber, which is in turn located in a class 100 clean room where samples up to 150 mm x 150 mm in size are handled during loading. The beam size at 351 nm on the part is nominally 30 mm in diameter. We take advantage of the large area beam provided by the OSL laser system to grow simultaneously a large number of sites making this a high throughput experiment despite the relatively low laser repetition rate. Laser beam diagnostics for the test beam on the part include measurements of the temporal pulse shape, energy and input & output beam near field fluence profiles. All test series were conducted in vacuum at room temperature.
The growth experiments were performed using the large-area beam at fixed fluence ranging from 5 J/cm 2 up to 12 J/cm 2 for 15 up to 30 shots with discrete pulse durations between 1 ns and 15 ns at 351 nm (i.e., 1, 2, 5, 10 and 15 ns, all FIT). Fresh samples with pre-initiated sites as discussed above were used for each fluence/pulse duration combination. The typical temporal profiles measured using 60-ps rise time photodiodes are shown in Fig. 2(a) . The input and output beam near field fluence profiles acquired during a laser shot are illustrated in Fig. 2(b) . These images are acquired by CCD cameras placed at image relay planes with respect to the sample's exit surface location. The input camera is calibrated for energy and magnification to record the fluence map on any given shot with a spatial resolution of about 88.3 microns/pixel. The near flat-top spatial beam profile has a typical contrast of 16-18% for the above growth fluences. The output camera records the beam profile after passing through the sample; hence the locations of the reference fiducials are also captured in this image as indicated by the red circles in Fig. 2(b) . We note that the array of damage sites also becomes visible in the output image for laser shots later in the growth sequence, after the sites reach about ~100 μm in diameter. We use the locations of the fiducials relative to beam features present in both input and output images to accurately superimpose the site location map onto the input fluence image. We are then able to extract the local fluence in a ~1 mm patch at individual site locations during every laser shot. The local fluence/site registration can be performed within 200 μm (~ 2 image pixels). The measurement uncertainty in the laser pulse energy is about 5% thus the overall uncertainty in the local fluence at damage site locations is estimated to be not more than 10-15% given the spatial uniformity of the laser beam profile at 351 nm. The local fluence calibration methods used in this study were previously developed in an effort to improve the qualitative and quantitative measurements of laser-induced damage 21 .
The growth in the lateral size of the damage sites simultaneously exposed to a single OSL laser pulse is measured offline (outside the vacuum chamber) using a robotic microscope that records backlit images of all sites before and after each laser shot with ~1 μm resolution. Throughout this work, the effective circular diameter of individual pits as derived from image auto-thresholding will be used as the metric for the damage site size. The minimum shot-to-shot absolute change in diameter of a site, as detected with our microscope system, is about 2 μm. This instrument error is a combination of i) slight changes in the image lighting every time the sample is repositioned on the microscope translation stage for post-shot scanning and ii) subtle modifications in the damage site morphology, for example the onset of subsurface cracks, which are not consistently captured in the damage area as reported by our image thresholding software routine. For a narrow range of damage site sizes, we will estimate the noise floor associated with the single-shot growth coefficient based on the ~ 2 μm sizing error.
The 'multi-site parallel damage growth' technique described above can be summarized as follows:
• Step 1: preparation of a large number of similar damage sites in a regular pattern on the exit surface of a fused silica substrate using a small area laser beam • Step 2: pre-shot measurement of individual site diameters using a robotic microscope • Step 3: simultaneous exposure of all sites with a single laser pulse (large area beam) and recording of input and output near field beam profiles • Step 4: post-shot measurement of individual site diameters using a robotic microscope, the same as step 2 • Steps 3 and 4 are repeated for all shots in the growth sequence for a given sample 
ANALYSIS TECHNIQUES FOR SINGLE-SHOT GROWTH
Historically, the exit surface damage growth has been generally described by an exponential increase in diameter with the number of shots at fixed fluence, as follows:
where d N represents the diameter of the site after N shots at fixed fluence and α represents the average exponential growth coefficient. In practice, the growth coefficient (dimensionless) is found by plotting the measured site diameter during the growth sequence vs. shot number and fitting the data to an exponential curve. This procedure is repeated for many sites grown at different fluences to reveal that the average growth coefficient increases linearly with 351-nm fluence:
( ) 0.0392 ( 5)
where the fluence φ is expressed in J/cm 2 . Various research groups have confirmed the validity of Eq. (2) with small variations on the coefficients. However, Eq. (2) was derived primarily from growth data obtained with 10-12 ns, Gaussian pulses and for large sites starting at 100-200 μm and growing up to 1-2 mm in diameter 2 . Therefore, care must be taken when comparing growth results for different pulse durations and damage size ranges, in particular for sites smaller than 100 μm.
The data analysis outlined above is a multi-shot analysis approach in which the growth coefficient, α , is used to describe the average growth behavior of damage sites for multiple shots (N~30). This procedure can quickly become time consuming for parameter studies that require a large number of sites at discrete growth fluences to achieve good statistics. Therefore, we adopt a different analysis approach to study the effects of pulse duration on the growth parameters at 351 nm. Specifically, we define the single-shot growth coefficient, α, based on the expectation of perfect exponential growth between two consecutive shots, as follows from Eq. (1):
where d N-1 and d N are the effective circular diameters of a site before and after the Nth shot, respectively, as measured by the robotic microscope. Furthermore, we will limit our analysis to damage sites with diameters in a narrow size range, between 50 and 100 μm, in the spirit of a single parameter study in which all other experimental parameters are held constant for data sets obtained with different pulse durations. The data analysis based on the single-shot growth coefficient proceeds as follows:
i) Each observed single shot growth coefficient, α, is plotted against the local fluence that produced it, as illustrated in Fig. 3(a) . The fluence error bar in Fig. 3(a) represents the standard error of the mean fluence over a 1-mm patch centered at the site location. In addition, the error in the growth coefficient as calculated by Eq. (3) depends on size and is about 0.03 for an average site size of 75 μm. We also define the overall noise floor as the minimum perceived growth coefficient of ~0.02 due to sizing errors for the 50-100 μm size range, as shown by the dotted line in Figs. 3(a)-(c) .
ii) We use Eq. (3) to compute α values for all sites/shots with sizes in the 50 to 100 μm range and plot them against the corresponding local fluence. By simultaneously growing ~50 sites, we quickly develop a large data set for a single pulse shape. This analysis step is illustrated in Fig. 3(b) for 5-ns FIT pulses, without the error bars on each data point for better clarity. We note the large spread in the data, which is well outside the measurement errors. By plotting the distribution of α values at fixed fluence, as shown in the inset graph of Fig. 3(b) for the fluence bin of 8-9 J/cm 2 , we recognize the stochastic nature of the growth process leading to the observed spread in the data.
iii) We average the observed α values in 1 J/cm 2 fluence bins, as illustrated in Fig. 3(c) . Here the error bars represent the uncertainty in the mean due to limited statistics, i.e. Fig. 3(c) . The latter dependence is described as:
where the growth parameters are the rate of increase in growth coefficient with fluence, S, and the fluence threshold for growth, φ th , respectively. It is important to note that the single-shot growth analysis reveals the same general growth trend as that derived by Norton et al. using a multi-shot approach. Specifically, Eqs. (2) and (4) have identical fluence functional dependencies, but the coefficients in Eq. (4) are expected to depend on pulse duration, size and other parameters.
RESULTS
In the following, we will be discussing the behavior of the mean <α> vs. fluence at different pulse durations. We have performed growth experiments with 1 ns, 2 ns, 5 ns, 10ns, and 15 ns FIT pulses with fluences ranging from 4 J/cm 2 to 12 J/cm 2 . This fluence range is typically achieved in three separate growth experiments at the nominal fluences of 5, 8 and 11 J/cm 2 . Specifically, the combination of 15% shot-to-shot variation in the average fluence and the spatial beam contrast provides ±1.5 J/cm 2 coverage around the target fluence. By applying the single-shot analysis discussed in the previous section, we can reduce the data at different pulse durations to the average growth coefficient as a function of fluence, as shown in Fig. 4(a) . Here the error bars represent the uncertainty in the mean due to limited statistics. We note that the single parameter study approach used in this work allows for a direct comparison between data sets in Fig. 4(a) , where all the experimental parameters were held constant except for the pulse duration. The linear fits to the data according to Eq. (4) are also shown by the solid lines. These results demonstrate that the pulse duration has a significant impact on the growth of exit surface damage at 351 nm in the 1 ns to 15 ns range. Specifically, both the growth threshold and slope of <α> vs. φ increase with pulse duration, which is in contrast to previous beliefs based on limited data 2 .
We extract the pulse duration dependence of the growth parameters using Eq. (4). Figure 4 (b) shows the dependence of the growth threshold, φ th , on pulse duration and Fig. 4(c) shows the dependence of the rate of increase in growth coefficient with fluence, S. To a first order, these parameters exhibit a nearly linear dependence on pulse duration from ~2 ns to 15 ns. However, for the case of shorter pulses of 1 ns and 2 ns, the growth parameters deviate from the general trend of linear dependence on pulse duration, as indicated by the dashed lines in Figs. 4(b)-(c) . The dependence of the growth parameters on pulse duration over the entire range is better described using a power law (shown by the solid lines) with the coefficients stated in Figs. 4(b) and 4(c) . Based on these results, we conclude that exit surface damage growth scales with pulse duration as ~τ 0.3 from 1 ns to 15 ns (FIT pulses) and for sites with diameters from 50 to 100 μm.
SUMMARY
We have presented a multi-site parallel damage growth technique using a large aperture laser with flexible pulse durations at 351 nm. Large data sets were reduced to the average growth coefficient vs. fluence vs. pulse duration based on the single-shot growth coefficient. This study demonstrates, for the first time, a significant dependence of exit damage growth parameters on pulse duration from 1 ns to 15 ns as τ 0.3 for sites in the 50-100 μm size range. Future work will be aimed at elucidating the damage morphology and pulse shape dependence of growth at 351 nm for both input and exit surfaces of silica optics with the final goal of developing accurate predictive models and understanding the damage growth mechanisms at a fundamental level.
The effect of pulse duration on the growth rate of laser-induced damage sites at 351 nm on fused silica optics Questions and Answers Q. On your slide, you showed that the sites were exponential and linear. By that did you mean that some sites grew exponentially, purely exponentially, purely linearly or some combination. Did you do a fit of some combination of linear and exponential?
A. Yes. So here, the slide is meant to show that not all sites grow linearily, for example with short pulses, but statistically over a large number of sites you see primarily linear growth. Basically this is long time growth. If you try to fit this with an exponential, it won't work, so we call this linear growth. For 15 or 20 shots is purely linear rather than exponential. That's the observed growth behavior.
Q. My question, for example, for 5 nanoseconds, does that mean that something like 15% of the sites grew purely lineally and 85% grew purely exponentially?
A. Yes. It could be for as many as 15 to 20 shots. Yes. Some sites grew clearly linearly.
Q. Do you expect similar effects at longer wavelengths, say 1 micrometer?
A. Well, growth at longer wavelengths, say one micrometer, takes place at much higher fluences, so I expect that growth will be dominated by cracks, so it may be purely exponential. But, we haven't explored that at other pulse durations. It was primarily done using 10 nanosecond pulses.
Q. You take into account laser damage growth dimension. Is there a difference between the damage that grows and the damage that doesn't grow?
A. I'm not sure which dimension you're talking about.
Q. Yes. But I imagine that sometimes you observe damage that doesn't grow.
A. Damage that doesn't grow? Yes. Damage below the threshold. Absolutely. What is your question? I'm sorry, I don't understand.
Q. Sometimes we observe some damage that doesn't grow.
A. Right. So this is an average over many sites. There is a statistical spread.
Q. Yes. But, do you see any difference between the number of damage that grows?
A. It depends upon which points, right? You'd have to quote a certain fluence for all pulse durations and I could say that it's much easier to grow with shorter pulses than with longer pulses. It also depends on the site morphology, so it's a little more complicated.
Q. And, my second question. It seems that you did the test with two different polishing processes, perhaps with two different vendors.
